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Mobile NMDA Receptors at Hippocampal Synapses
as the density of acetylcholine receptors at the neuro-Kenneth R. Tovar2 and Gary L. Westbrook1
Vollum Institute muscular junction also is activity dependent (Akaaboune
et al., 1999). In contrast, NMDA receptors, which areOregon Health and Science University
Portland, Oregon 97201 colocalized at synapses with AMPA receptors (Bekkers
and Stevens, 1989; Jones and Baughman, 1991), report-
edly are fixed in the PSD (Moon et al., 1994; Lu¨scher et
al., 1999).Summary
The stability of receptors at synapses is generally ad-
dressed using biochemical or optical techniques, butGlutamate receptors are concentrated in the postsyn-
these approaches are difficult to implement given theaptic complex of central synapses. This implies a
small size of central excitatory synapses and the smallhighly organized and stable postsynaptic membrane
number of receptors at each site. We developed awith tightly anchored receptors. Recent reports of
method to examine whether NMDA receptors are fixedrapid AMPA receptor insertion and removal at syn-
at developing hippocampal synapses by taking advan-apses have challenged this view. We examined the
tage of the unique properties of the “irreversible” open-stability of synaptic NMDA receptors on cultured hip-
channel blocker ()-MK-801 (Huettner and Bean, 1988).pocampal neurons using the open-channel blockers
Because MK-801 is a use-dependent antagonist, we()-MK-801 and ketamine to tag synaptic NMDA re-
used it as a high-affinity label to tag synaptic NMDAceptors. NMDA receptor-mediated EPSCs showed an
receptors that opened in response to synaptically re-anomalous recovery following “irreversible” MK-801
leased glutamate. MK-801 works as a tag because theblock. The recovery could not be attributed to MK-801
channel can close with MK-801 bound, but it cannotunbinding or insertion of new receptors, suggesting
dissociate unless the receptor rebinds ligand and re-that membrane receptors had moved laterally into the
opens. Thus, repeated synaptic stimulation in the pres-synapse. At least 65% of synaptic NMDA receptors
ence of MK-801 progressively and irreversibly blockswere mobile. Our results indicate that NMDA receptors
NMDA receptor-meditated synaptic activity (Rosen-can move laterally between synaptic and extrasynap-
mund et al., 1993). Surprisingly, we observed a substan-tic pools, providing evidence for a dynamic organiza-
tial recovery of the NMDA receptor-mediated excitatorytion of synaptic NMDA receptors in the postsynaptic
postsynaptic current (EPSC) after block of synaptic re-complex.
ceptors. In contrast, there was no recovery of the EPSC
after block of all the NMDA receptors on the cell surfaceIntroduction
following whole-cell coapplications of NMDA and MK-
801. Additional experiments with a low-affinity channelThe anchoring of receptors opposite neurotransmitter
blocker, ketamine, suggested that receptors moved intorelease sites has been taken as evidence for a relatively
and out of synapses; as many as 65% of NMDA recep-stable organization of the postsynaptic membrane. The
tors that bound synaptically released glutamate couldidentification of putative anchoring proteins such as
be exchanged in7 min. Our data suggests that NMDArapsyn, gephyrin, and PSD-95 (Sanes and Lichtman,
receptors are not fixed, but can undergo exchange be-1999; Kneussel and Betz, 2000; Sheng, 2001), and the
tween synaptic and extrasynaptic pools.association of postsynaptic density (PSD) proteins, into
a molecular scaffold (Sheng, 2001) has strengthened
this view. For example, at central excitatory synapses, Results
the localization of synaptic receptors at relatively high
density is essential for high-fidelity transmission given Anomalous Recovery from MK-801 Block
NMDA receptor-mediated EPSCs in cultured autapticthe low affinity of glutamate for -amino-3-hydroxy-5-
methyl-4-isoxazole-proprionic acid (AMPA) receptors hippocampal neurons (Bekkers and Stevens, 1991) were
recorded at a holding potential of 70 mV. During re-(Patneau and Mayer, 1990). Nevertheless, recent evi-
dence suggests that AMPA receptors at synapses are peated synaptic stimulation in the continuous presence
of MK-801, the EPSC decay (or deactivation) was accel-highly dynamic (Liu and Cull-Candy, 2000), such that
these receptors can be rapidly shuttled between the erated compared to control and the amplitude was pro-
gressively reduced, consistent with open-channel blocksynapse and intracellular compartments (Lu¨scher et al.,
2000). Both the rapid incorporation of AMPA receptors of synaptic NMDA receptors (Figure 1A). Acceleration
of the EPSC deactivation occurs because MK-801 blockinto synapses and their removal by endocytosis are ac-
tivity dependent, suggesting that this exchange may prevents reopenings later in the response. In 10M MK-
801, the EPSC deactivation was significantly faster (f underlie several forms of synaptic plasticity (Beattie et
al., 2000; Lu¨scher et al., 1999; Shi et al., 1999). Such 18.8  1.4 ms; s  133.7  20.2 ms; Ampf/Amps 
2.64  0.33; n  4) than control (f  42.7  1.2 ms:receptor dynamics are not limited to central synapses,
s  310  28.2 ms; Ampf/Amps  1.07  0.12; n  4).
The 10%–90% rise time in the presence of MK-8011Correspondence: westbroo@ohsu.edu
(4.32  0.17 ms; n  4) was also significantly faster2 Present address: Department of Anatomy and Neurobiology,
Washington University School of Medicine, St. Louis, MO 63110. than control (5.29  0.23 ms; n  4), consistent with a
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Figure 1. Anomalous Recovery of NMDA Re-
ceptor-Mediated EPSCs Following MK-801
Block
(A) MK-801 progressively blocked the NMDA
receptor-mediated EPSC and accelerated
the deactivation. EPSCs before MK-801
(“cont.”) and after 1 and 15 stimuli in MK-801
are shown. AMPA EPSCs were blocked by
NBQX (5 M). Stimulus artifacts were
blanked.
(B) Paired-pulse stimuli (100 ms interpulse in-
terval) evoked EPSCs with both AMPA and
NMDA components. For these experiments,
the amplitude of the first NMDA receptor-
mediated EPSC of a pair was measured, as
indicated, between the parallel dashed lines,
well after the decay of the AMPA component.
Stimulus artifacts were blanked.
(C) Agonist-evoked block of synaptic recep-
tors. Whole-cell application (four times for 1
s, as indicated by arrows) of NMDA (1 mM)
in the presence of MK-801 (20 M) resulted in
complete and irreversible block of the NMDA
receptor-mediated EPSC. Each point repre-
sents the amplitude of the first NMDA recep-
tor-mediated EPSC from a paired-pulse ep-
isode.
(D) Selective block of synaptic NMDA recep-
tors by MK-801 application (5–20 M) also
completely blocked the EPSC. However, fol-
lowing removal of MK-801, the EPSC showed
a 30% recovery over the course of several
minutes. Filled circles indicate MK-801 appli-
cation. For the example shown, there was a
10% residual EPSC at the end of the MK-801
exposure. A greater number of stimuli, higher
MK-801 concentration, or increasing the re-
lease probability caused in excess of 95%
block of the EPSC.
reduction in channel mean open time (see, e.g., Aldrich before and after whole-cell coapplications of NMDA (1
mM) and MK-801 (10–20 M). Complete block of theand Stevens, 1987). The peak amplitude of the first EPSC
in the presence of MK-801 (10 M) was 55%  1.5% of agonist-evoked current was typically achieved with four
to five coapplications (1 s duration, 10–20 s interpulsecontrol (n  4). MK-801 failed to block EPSCs when it
was coapplied with DL-AP5 (200 M, n  6), indicating interval, Figure 1C). EPSC acquisition was suspended
during the NMDA and MK-801 coapplication.that MK-801 did not block closed channels (data not
shown). Because we used saturating NMDA concentrations,
coapplication of agonist and MK-801 should irreversiblyWe used paired-pulse stimuli to activate excitatory
synapses because this protocol facilitated rapid block block all synaptic and extrasynaptic NMDA receptors.
As expected, NMDA receptor-mediated EPSCs showedof the EPSC. The amplitude of the AMPA component
was not affected by MK-801 at this concentration (data no recovery (1.39%  2.3%, n  4), even 30 min after
MK-801 removal (Figure 1C). In contrast, when synapticnot shown; see also Rosenmund et al., 1993). The stabil-
ity of the AMPA component provides an independent receptors were selectively blocked (5–10 stimuli; 5–10
M MK-801), there was a consistent and significant re-control for changes in release probability or presynaptic
rundown during the course of an experiment. The ampli- covery that reached 25%–40% of control amplitudes.
To facilitate comparisons, we quantified the initial EPSCtude of the NMDA component could be selectively mea-
sured after the decay of the AMPA component (Figure recovery at 50 stimuli (6.6 min) following removal of MK-
801 (10.17%  2.86%, n  7, Figures 1D and 2C). In1B). NMDA receptors were blocked in two distinct ways.
By whole-cell coapplication of NMDA and MK-801, we experiments where we were able to record stable re-
sponses for long periods of time following MK-801 re-should block all receptors in the membrane. Alterna-
tively, by applying MK-801 during synaptic stimulation, moval, the maximum extent of recovery did not exceed
40% of the control amplitude.we should selectively block synaptic receptors (Figures
1C and 1D, top). We defined a synaptic receptor as one
that opens in response to synaptically released gluta- Recovery Is Consistent with Movement of
Extrasynaptic Receptors into Synapsesmate. Because MK-801 unbinds very slowly from NMDA
receptors at 70 mV (Huettner and Bean, 1988), recep- The anomalous recovery of the NMDA receptor-medi-
ated EPSC from selective MK-801 block of synaptictors that have bound MK-801 will no longer contribute
to the EPSC. We confirmed this by measuring EPSCs receptors could be accounted for by either of two broad
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possibilities. The recovery could simply reflect dissocia-
tion of MK-801 from NMDA receptors. Alternatively, re-
covery could represent an increase in synaptic NMDA
receptors, either through new synapse formation or an
increased number of receptors at existing synapses. To
investigate the first possibility, we tested for recovery
from synaptic MK-801 block in the presence of a saturat-
ing concentration of the competitive NMDA receptor
antagonist DL-AP5. The NMDA receptor can close with
MK-801 bound, and the blocker cannot unbind unless
the channel reopens. The antagonist DL-AP5 prevents
binding of synaptically released glutamate and thus
opening of NMDA receptors. Therefore, by preventing
glutamate from rebinding to the channels already
blocked by MK-801, we prevent MK-801 from unbinding.
However, as shown in Figure 2A, DL-AP5 (200 M) had
no effect on the extent of recovery, as measured after
removal of the antagonist (17.4%  7.95%, n  5, Fig-
ures 2A and 2C). Unbinding of MK-801 might also ac-
count for recovery if some synaptic NMDA receptors
had a lower affinity for MK-801 (i.e., a faster unbinding
rate). However, when the EPSC was allowed to recover
from selective MK-801 block of synaptic receptors, a
coapplication of NMDA and MK-801 produced a com-
plete and irreversible block of the recovered EPSC
(1.63%1.22%, n3; Figures 2B and 2C). Furthermore,
EPSCs failed to recover from block by coapplication of
the lower affinity enantiomer ()-MK-801 (5 M) and
NMDA (1 mM; data not shown). Thus, small differences
in MK-801 affinity could not be responsible for the ob-
served recovery. MK-801 does not block desensitized
receptors (Dzubay and Jahr, 1996). However, recovery
could not be due to receptors leaving a long-lasting
desensitized state following MK-801 removal, because
there was no recovery following whole-cell coapplica-
tion of NMDA and MK-801. Presynaptic release proba-
bility can change over very short time periods (Dobrunz
and Stevens, 1999). If an increase in release probability
was responsible for recovery of the EPSC, a net increase
would also result in an increase in the EPSC amplitude
in the absence of MK-801. This was not observed. Thus,
we conclude that recovery must result from an increase Figure 2. The Recovery of EPSCs Following Irreversible Block of
Synaptic NMDA Receptors by MK-801 Suggests the Appearancein synaptic receptors.
of New Receptors at the SynapseAn increase in synaptic receptors could result from
(A) The NMDA receptor antagonist DL-AP5 did not prevent recoveryinsertion of new receptors into the membrane, recruit-
of the EPSC, suggesting that recovery was not due to MK-801ment of membrane receptors into existing synapses, or
unbinding following evoked release of glutamate. Following removalcreation of new synapses. However, the lack of recovery
of MK-801 (10 M), the average EPSC amplitude (gray bars) wasfollowing whole-cell coapplication of NMDA and MK-
measured before and following 50 EPSCs in the continuous pres-
801 (Figure 1B) argues strongly against insertion of new ence of the competitive antagonist DL-AP5 (200 M). The recovery
receptors. We also did not see a gradual increase in the after 50 stimuli was not different from recovery in the absence of
EPSC amplitude under control conditions, suggesting DL-AP5.
(B) The NMDA receptors underlying the recovery of the EPSC werethat there was no net increase in synaptic sites con-
irreversibly blocked by whole-cell coapplication of NMDA and MK-taining NMDA receptors. As above, this result also ex-
801, indicating that receptors with lower affinity for MK-801 did notcludes a net increase in active synapses due to the
account for the recovery. DL-AP5 (200 M) was added during thegradual activation of “silent” synapses during our exper-
first “recovery” period so that the protocol matched that shown in
iments. However, this does not exclude the possibility Figure 2A.
that presynaptic terminals or active zones could migrate (C) Fractional recovery of EPSC following whole-cell NMDA applica-
to new areas of postsynaptic membrane, a scenario that tion (“NMDA”), synaptic stimulation (“synaptic”), post-block applica-
tion of AP5 (“AP5 prot.”), whole-cell NMDA application to the recov-would imply that extrasynaptic and synaptic mem-
ered EPSC (“recover/block”) and latrunculin treatment (“lat B”).branes have relatively equal receptor densities. Because
dendritic filopodia have been implicated in new synapse
(Fischer et al., 1998). Recovery was unaffected by latrun-formation (Dailey and Smith, 1996; Ziv and Smith, 1996;
culin B (15.4%  2.3%, n  5; Figure 2C). The timeLendvai et al., 2000), we tested the effect of latrunculin
B (2 g/ml), a drug that arrests dendritic spine mobility course of EPSC recovery was also more rapid than re-
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ported for assembly of new synapses in cultured hippo- (16.9%  2.0% of receptors in the membrane, n  8;
Figure 3D), indicating that receptors entered the syn-campal neurons (Friedman et al., 2000). Thus, it is un-
apse between stimuli 10 and 30. Receptors accumulatedlikely that recruitment of surface receptors to new
in the ketamine-tagged state to a much greater degreesynapses accounts for the increase in the EPSC after
than predicted from the progressive block of the EPSCMK-801 block. These data suggest that some NMDA
(gray line, Figure 3E). For this set of data, the whole-cellreceptors already in the membrane are initially far
current that was blocked after 50 stimuli indicates thatenough away from synaptically released glutamate such
42% of the receptors in the membrane opened in re-that they are not blocked by MK-801 during synaptic
sponse to synaptically released glutamate at some pointstimulation. Thus, EPSC recovery after MK-801 removal
during the experiment. Furthermore, 25% of the recep-reflects movement of these receptors into the synapse.
tors on the entire cell entered a synapse within the 5
min between stimulus 10 and 50 (42% block after 50Bidirectional Movement of NMDA Receptors
stimuli minus 17% block after 10 stimuli).at Synapses
If synaptic NMDA receptors can move into the syn-If receptors continually move into range of synaptically
apse, we might expect that some can move out of thereleased glutamate, synaptic stimulation in the presence
synapse as well. This would explain the lack of a netof an open-channel blocker should preferentially block
increase in the control EPSC amplitude in the absencethe mobile receptors after immobile synaptic receptors
of MK-801. To examine this issue, we followed the fateare already blocked. In other words, as more and more
of synaptic NMDA receptors to see if we could detectmobile NMDA receptors enter the synapse, they will
movement out of range of synaptically released gluta-accumulate in the blocked state even after the EPSC is
mate. As shown in Figure 4A, ketamine (50 M, 50 stim-blocked. To test this prediction, we compared the frac-
uli) completely blocked the NMDA receptor-mediatedtion of synaptic receptors blocked as a function of stimu-
EPSC during repeated stimulation (0.125 Hz). Followinglus number with the fraction of tagged receptors on the
ketamine removal, the EPSC amplitude (70 mV holdingentire cell. We used the reversible open-channel blocker
potential) gradually and fully recovered, as calculatedketamine that acts similarly to MK-801 (Mayer et al.,
by comparing the mean amplitude of 20 EPSCs immedi-1988), but has a 50-fold faster unbinding rate (MacDon-
ately before ketamine application and 20 EPSCs follow-ald et al., 1991). As shown in Figures 3A and 3B, 10
ing full recovery.stimuli in ketamine (50 M) produced nearly as much
If all synaptic NMDA receptors are fixed, then thereblock of the NMDA receptor-mediated EPSC as 30 stim-
should be no ketamine-tagged receptors on the celluli (5.08%  0.46% versus 3.48%  0.94% of control,
following complete recovery of the EPSC. We used then  24). This difference was not statistically significant.
agonist-evoked unblocking protocol (see Figure 3C) toKetamine block of the EPSC occurred in a progressive
look for ketamine-tagged receptors following recoverymanner, as expected of an open-channel blocker. As
of the EPSC. The agonist-evoked current increased inshown in Figure 3B, the additional block that occurred
a use-dependent way after several agonist applicationsafter more than 10 stimuli in ketamine was quite small.
at depolarized potentials, revealing the presence of ket-
For all these experiments, stimulus pairs were delivered
amine-tagged NMDA receptors (Figure 4B). Because
at 0.125 Hz.
recovery of the EPSC was complete, these unblocked
We determined the fraction of ketamine-bound
receptors now must be in the extrasynaptic pool. How-
(“tagged”) receptors in the membrane that were blocked
ever, they must have been synaptic at some point during
as a function of stimulus number by comparing the peak the experiment because they were blocked by ketamine.
agonist-evoked current before and after unblock of keta- For six neurons, 20.0%  4.3% of the receptors on the
mine (Figures 3C and 3D). If receptors are fixed, there cell were ketamine-tagged, even after complete recov-
should be an exact correspondence between the ex- ery of the EPSC. This represents the minimum fraction
tents of block of the EPSC and the agonist-evoked cur- that moved out of the synapse. The same protocol
rent. To accelerate ketamine unblock of NMDA recep- (EPSC stimulation followed by depolarization during
tors following block of the EPSC, we used a series of NMDA application) in the absence of ketamine had no
depolarizing steps (60 mV) in the presence of NMDA. effect (2.0% 3.1%, n 5, Figure 4C). Thus, a compara-
Because ketamine unblock is use dependent, the ago- ble number of NMDA receptors were moving into and
nist-evoked current after several depolarizations was out of the synapse over several minutes.
larger than the first agonist-evoked current (compare The detection of ketamine-tagged receptors in the
“1st NMDA app.” and “5th NMDA app.,” Figure 3C). extrasynaptic pool also provides further evidence
Preliminary experiments indicated that the increase in against an alternative hypothesis that recovery of the
current was maximal after four applications; thus, a total synaptic response following MK-801 blockade (see Fig-
of five applications were used in the experiments shown. ure 1D) could be due to the slow “awakening” of silent
The difference in amplitude between the initial peak or dormant synapses. The latter hypothesis predicts that
inward current in response to the fifth application (5th recovery following MK-801 block is not due to move-
NMDA app.) and that of the first application (1st NMDA ment of receptors but rather a slow reequilibration be-
app.) represents the fraction of receptors on the cell tween dormant and active synapses. However, recovery
tagged by ketamine. While there was only a small after removal of ketamine (Figure 4A) was complete and
change in the amount of EPSC blocked between 10 and much faster than the recovery following MK-801. Fur-
30 stimuli (Figure 3B), the fraction of receptors tagged thermore, the receptors are stationary in the dormant
by ketamine was much larger after 30 synaptic stimuli synapse hypothesis, thus full recovery after ketamine
(37.5%  4.6% of receptors in the membrane, n  8) should mean that either dormant synapses awoke (they
would not contain ketamine) or synapses became un-compared to the fraction that was tagged after 10 stimuli
Mobility of Synaptic NMDA Receptors
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Figure 3. NMDA Receptors Move into the Synapse
(A and B) Bath application of ketamine during synaptic stimulation largely blocked the NMDA receptor-mediated EPSC (measured over
bracketed segment) after 10 stimuli without affecting the AMPA component. The progressive block of the EPSC in ketamine (B) indicates that
only a slight additional block of the NMDA receptor-mediated EPSC was measurable after 30 stimuli. By stimulus 10, 5.08%  0.46% of the
EPSC remained compared to 3.48%  0.94% at 30 stimuli. Stimulus artifacts (in [A]) were blanked.
(C and D) To determine the fraction of NMDA receptors on the entire cell that were blocked by ketamine during synaptic stimulation, we
examined the whole-cell currents evoked by 5 s applications of NMDA (100 M, solid bars) immediately following either 10 or 30 synaptic
stimulations in ketamine. A 3 s depolarization (to 60 mV) was delivered in the middle of the agonist application to accelerate the unbinding
of ketamine from synaptic receptors. The first and last of a series of 5 NMDA applications are shown. After ten synaptic stimuli, the whole-
cell NMDA current after four depolarizations had increased, representing the population of synaptic receptors that had been blocked with
ketamine (C). After 30 synaptic stimuli, the number of receptors unblocked by the depolarizations was much larger (D). Outward currents
during the depolarization were blanked; the inward current following the depolarization (shown in light traces) was not used to measure
ketamine unblock due to contamination by NMDA receptor desensitization and tail currents from voltage-gated conductances. The fraction
of the whole-cell current blocked by ketamine was calculated as [1  (inward current amplitude of the first application/peak inward current
amplitude of final application)].
(E) The fraction of the receptors on the entire cell that was unblocked with the protocol shown in (C) and (D) was strongly dependent on the
number of synaptic stimuli (black circles). Specifically, between 10 and 50 synaptic stimuli, the number of “synaptic” receptors increased
from 17% to 42% of the receptors on the cell, consistent with movement of receptors into the synapse. The solid gray line represents the
prediction of the fraction of blocked receptors on the entire cell, taken from data in (B). This changed very little between 10 and 50 synaptic
stimuli.
blocked (they also would not contain ketamine). How- Comparison of Fixed and Mobile
Receptor Populationsever, the detection of ketamine-tagged receptors (Fig-
ures 4B and 4C) is only possible if some of the synaptic NMDA receptors at synapses preferentially contain the
NR2A subunit, whereas extrasynaptic receptors arereceptors that contributed to the initial EPSC remained
blocked by ketamine, but had moved out of the synaptic largely composed of NR1/NR2B diheteromers (Tovar
and Westbrook, 1999). We considered whether thesepool following full recovery.
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Figure 4. NMDA Receptors Move Out of the Synapse
(A) Synaptic NMDA receptors were blocked by ketamine during 50 synaptic stimuli, but following this, the EPSC recovered to baseline following
washout of ketamine. The mean amplitude of the recovered EPSCs was 101.9%  0.04% of control (n  6), indicating that ketamine-bound
receptors were no longer part of the synaptic complement. Filled circles indicate ketamine application.
(B) Following recovery of the EPSC from ketamine block, the ketamine unblocking protocol as used in Figure 3 revealed that there was a
significant number of previously synaptic receptors that were still blocked by ketamine. Dark bars indicate NMDA (100 M) applications. Only
the inward current before the depolarization is shown.
(C) The number of previously synaptic receptors constituted 20.02%  4.3% of the whole-cell current for EPSCs treated with ketamine. The
ketamine unblock protocol did not unmask any additional receptors in neurons that were not treated with ketamine. These results suggest
that ketamine-bound receptors had moved from synaptic to extrasynaptic regions.
extrasynaptic receptors might be more mobile than syn- Discussion
aptic receptors. However, the mobile fraction did not
Our experiments were based on the tagging of synapticappear to be exclusively composed of NR1/NR2B dihet-
and total surface NMDA receptors with the open channeleromers. If the fixed receptor fraction was composed
blockers MK-801 and ketamine. A schematic summariz-of NR2A-containing receptors and the mobile receptor
ing our observations is shown in Figure 5. Selectivefraction was composed of NR1/NR2B, the recovered
tagging of the synaptic receptor complement (“synapticEPSC after MK-801 block should be more sensitive to
block A”) led to an accumulation of blocked receptorsthe NR1/NR2B-specific antagonist ifenprodil (Williams,
with repeated stimuli, some of which moved to extrasyn-1993). Additionally, the EPSC deactivation of the recov-
aptic regions, out of range of synaptically released gluta-ered fraction should be slower because NR2A acceler-
mate (“synaptic block B”). Upon washout of the blockerates the EPSC deactivation (Vicini et al., 1998). However,
(“synaptic unblock”), the newly extrasynaptic receptorsthe sensitivity of EPSCs to ifenprodil (3 M) was not
could only be unblocked if the cell was bathed in agonistdifferent before (43.5%  3.4% of control) and after
(“agonist-evoked unblock”) or a receptor moved back(40.9%  4.1% of control) block by MK-801 (10–30 epi-
into range of synaptically released glutamate. However,sodes, n 6). Likewise, the deactivation time constants
recovery of synaptic receptors from MK-801 block wasbefore MK-801 (f  39.7  2.2 ms, s  267.7  11.6
less than complete, suggesting that there is a limitedms; n  14) and after MK-801 (f  36.0  2.7 ms, s 
reserve of NMDA receptors that can be recruited to the239.2  9.4 ms) as well as the ratio of fast and slow
synapse, at least under the conditions and time framecomponents (1.22  0.13 before MK-801; 1.05  0.17
of our experiments. Most importantly, our data indicatesafter MK-801) were similar. This indicates that mobility
that the synaptic complement of NMDA receptors isis not limited to extrasynaptic NR1/NR2B receptors.
more dynamic than previously realized. Cycling of AMPAWe also considered whether synaptic NMDA recep-
receptors has demonstrated that endocytosis and exo-tors were organized as a central fixed population sur-
cytosis may provide a mechanism for altering synapticrounded by an annulus of mobile receptors. We rea-
strength. The lateral movement of NMDA receptors be-soned that if the mobile fraction was farther from the
tween synaptic and extrasynaptic domains provides anrelease site, these receptors would be exposed to lower
alternate mechanism for altering synaptic strength onglutamate concentrations. Thus, a low-affinity antago-
the time course of minutes.nist should preferentially block the mobile fraction (see
Clements et al., 1992). However the sensitivity of the
EPSC to the low-affinity competitive antagonists D-AA The Interpretation of Recovery from MK-801 Block
(30–60 M) or L-AP5 (300–750 M) was identical before as Receptor Mobility
MK-801 and after most of the EPSC was blocked (data We interpreted recovery of the EPSC following selective
not shown). These data suggest that mobile and fixed MK-801 block of synaptic NMDA receptors as move-
receptor fractions experience similar glutamate concen- ment of unblocked receptors into preexisting synapses.
tration profiles and that synaptically released glutamate The most significant alternate explanations to be con-
must access mobile and fixed receptors that are inter- sidered are insertion of new receptors from intracellular
pools or formation of new synapses. The first possibilitymingled (see Clements, 1996).
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is incompatible with the lack of recovery following block variant of the new synapse hypothesis is that previously
existing synapses were dormant or silent, thus gradualof all surface NMDA receptors with whole-cell coappli-
cations of NMDA and MK-801. AMPA receptor incorpo- awakening of such synapses, rather than receptor
movement, could explain the recovery of the EPSC fol-ration at synapses has been shown to occur quickly
following LTP induction protocols (Lu¨scher et al., 1999; lowing MK-801 block. However, this hypothesis is incon-
sistent with the presence of ketamine-tagged receptorsShi et al., 1999). However, this occurs only at a subset
of synapses. Huh and Wenthold (1999) described a turn- following full recovery of the EPSC in Figure 4A (see
Results for further details). In addition, recent evidenceover time of 16–24 hr for NMDA receptor subunits in the
membrane. If we assume a similar turnover time for suggests that basal release probability is stable over
intervals of 1–2 hr at individual hippocampal synapsessynaptic NMDA receptors, then after 0.5 hr (the average
time of our experiments) only 	2% of the receptors in culture (Hopf et al., 2002). Thus, the conclusion most
consistent with our data is that a substantial fraction ofwill be exchanged. Thus, if receptor insertion occurred
during the time course of our experiments, it did not the surface NMDA receptors are in dynamic motion. It
will be important to determine whether our functionalcontribute greatly to the EPSC recovery. In addition,
the experiments with the low-affinity blocker, ketamine, definition of synaptic receptors as those within range
of synaptically released glutamate corresponds to mor-provide strong evidence for bidirectional exchange of
surface receptors between synaptic and extrasynaptic phologically defined clusters of receptors.
membrane.
Our evidence is also inconsistent with rapid formation Lateral Mobility of Membrane Proteins
of new synapses or active zones at the site of previously The mobility of intrinsic plasma membrane proteins, in-
extrasynaptic NMDA receptors. The first argument here cluding ion channels and ligand-gated receptors, has
is a quantitative one. If movement of presynaptic active been well investigated (Frye and Edidin, 1970; Young
zones (Ahmari et al., 2000) accounted for recovery, there and Poo, 1983; Weiss et al., 1986). While proteins differ
must be sufficient new sites to account for a 2- to 3-fold tremendously in their rates of diffusion (Weiss et al.,
increase in synaptic NMDA receptors within 5 min (see 1986), the membrane diffusion coefficient of acetylcho-
Figure 3E). That is, one must imagine a 3-fold increase line receptors (Young and Poo, 1983) indicates that a
in the number of synapses. Because all experiments freely mobile receptor could diffuse across the diameter
were done using a constant stimulation protocol, this of a central synapse in1 s. While NMDA receptors are
hypothesis predicts a marked increase in the EPSC am- larger than AChRs, free diffusion in a membrane should
plitude during continuous recording in the absence of still be much faster than the rate of movement predicted
MK-801 or ketamine. However, this did not occur. A from our experiments. The difference between free diffu-
sion presumably is related to interactions with anchoring
and/or scaffolding proteins. These interactions are
themselves dynamic and thus could reduce the appar-
ent diffusion coefficients (Meier et al., 2001). Although
a substantial number of NMDA receptors are extrasyn-
aptic by physiological criteria (Tovar and Westbrook,
1999), these are difficult to quantify using immunohisto-
chemical or optical methods. Given the small size of the
PSD, it is likely that direct visualization of relatively local
receptor movements, e.g., by recovery from photo-
bleaching, may prove technically demanding.
Organization of the Postsynaptic Density
Compared to extrasynaptic NMDA receptors, synaptic
receptors are enriched in the NR2A subunit (Tovar and
Westbrook, 1999). While it might seem reasonable that
extrasynaptic receptors are more mobile, our data do
not provide direct evidence for that idea. Rather the
experiments indicate that at least a portion of receptors
that at any time can be classified as “extrasynaptic” or
“synaptic” can also become mobile. It remains possible
that the mobility of synaptic and extrasynaptic receptors
are differentially regulated. However, our experiments
did not address this question.
NMDA receptor subunits can remain tightly associ-
ated with the biochemically purified PSD (see Kennedy,
1997). This implies that NMDA receptors are bound
within the postsynaptic complex and thus are relativelyFigure 5. Schematic Diagram of Movement of NMDA Receptors in
immobile. Our experiments with ketamine indicate thatand out of the Synapse
any fixed receptor fraction must be blocked during theDarkened boxes represent receptors that are blocked by channel
first ten stimuli because ketamine block of the EPSC isblocker. Circles represent the area where NMDA receptors can bind




. Electrodes were filled with solutions containing (in mM): 150mulated after that point. Because only one-third of the
K-gluconate, 1.4 CaCl2, 2 MgCl2, 10 EGTA, 10 HEPES, 2 Na2 ATP,synaptic receptors were blocked in the first ten stimuli,
and 0.2 GTP (pH 7.4 and osmolarity 320 mmol/kg). In some experi-at least 65% of the synaptic receptors were mobile.
ments, K-glutamate was substituted for K-gluconate. Latrunculin B
Thus, a significant fraction of NMDA receptors that re- (Calbiochem) was solubilized in DMSO, and solutions were prepared
spond to synaptically released glutamate were continu- fresh as needed. The final DMSO concentration for these solutions
was 0.1%. Solutions were delivered by gravity-fed quartz flowpipesally exchanged between synaptic and extrasynaptic do-
placed 50–100 m from a neuron. Flowpipes were controlled bymains.
solenoid valves (General Valve Company) and an external timer (Win-The notion of mobile receptors is still consistent with
ston Instruments). Flowpipe translations were made by an attacheda model of a highly organized postsynaptic membrane.
piezo-electric bimorph and driven by a stimulus isolation unit (Win-
Indeed, recent evidence has demonstrated that glycine ston Instruments). Exchanges could be effected in 30–50 ms (data
receptors can exist in equilibrium between immobilized, not shown). Ifenprodil and ketamine were from RBI. NMDA and
all other antagonists, unless otherwise stated, were from Tocrisgephyrin-associated states and mobile states (Meier et
Neuramin.al., 2001). Our results do not resolve whether the mobility
For whole-cell recordings, we used an Axopatch-1C amplifier andof NMDA receptors is regulated or reflects constitutive
pCLAMP acquisition software (Axon Instruments). Data were low-exchange between synaptic and extrasynaptic regions.
pass filtered (eight-pole Bessel; Frequency Devices) at 2.5 kHz and
Our experiments were done during a period of rapid acquired at 5–10 kHz. Autaptic EPSCs were evoked with a depolariz-
synapse formation (6–9 days in vitro). While postsynap- ing step (10 mV, 0.5–1 ms) from neurons held at 70 mV. Unless
otherwise stated, all experiments used a paired-pulse protocol.tic structures are easily visualized at this stage (Boyer
Paired stimuli were given at a frequency of 0.125 Hz with an inter-et al., 1998), there are indications of a flexible synapse
stimulus interval of 100 ms. The paired-pulse protocol was used toorganization. For example, puncta of NMDA receptor
accelerate the extent of block of the EPSC and to monitor largesubunit immunoreactivity on hippocampal neurons at a
changes in release probability. Recovery from MK-801 block also
similar development stage are not all colocalized with occurred when single stimuli were given at 0.125 Hz (data not
synaptic markers (Rao et al., 1998). Likewise, presynap- shown). NMDA receptor-mediated EPSCs were measured using a
60 ms window placed well after the AMPA receptor-mediated EPSCtic release specializations in the absence of postsynap-
(see Figure 1B). EPSC recovery was measured by comparing thetic receptors have been demonstrated (Landis et al.,
mean of five EPSCs immediately after removal of MK-801 with five1989). Thus, mobile NMDA receptors may be character-
EPSCs after 50 subsequent stimuli. Data are expressed as percentistic of newly formed excitatory synapses.
of current before MK-801 application. For measurement of whole-
Given the highly ordered structure of the PSD, mobility cell currents, we used a 50 ms window placed 60–70 ms after the
of receptors into and out of the synapse may be a mech- start of the agonist application. To control for inadequate voltage
clamp in low-affinity antagonist experiments, EPSC amplitudes ofanism for receptor delivery or even use-dependent re-
each neuron were also tested in subsaturating concentrations ofceptor removal (Heynen et al., 2000). For example, phos-
high-affinity competitive antagonists (either D-AP5 or D-CPP; Tongphorylation of NMDA receptor subunits could regulate
and Jahr, 1994). For experiments where NMDA and MK-801 weretheir unbinding from anchoring proteins, allowing recep-
coapplied, the saturating NMDA concentration (1 mM) should result
tors to leave the synapse and enter extrasynaptic re- in activation of all receptors in the membrane.
gions where they could be endocytosed (Roche et al.,
2001; Vissel et al., 2001). At the neuromuscular junction,
Use of NMDA Channel Blockersreceptors that leave the junction are endocytosed
After four coapplications of NMDA and MK-801 (20 M), the current
(Akaaboune et al., 1999). Thus, regulating the rates at amplitude is expected to be no more than 2% of control, based on
which receptors leave the synapse may lead to use- the reduction of the mean open time in MK-801 (Rosenmund et al.,
1993). Because this is the prediction for nonequilibrium situations,dependent modifications in the efficacy of synaptic
it is likely to be an underestimation of the extent of block in thetransmission.
case of these relatively long (1 s) agonist applications. Because
the EPSC deactivation is accelerated in the presence of an open-
Experimental Procedure channel blocker like MK-801, the difference in amplitude between
control EPSCs and the first EPSC in MK-801 is largely accounted
Neuronal Cell Culture for by the difference in charge transfer. When the EPSC in MK-801
Microisland cultures were prepared as previously described (Bek- (10 M) was normalized, the charge in MK-801 was 39.5%  5.4%
kers and Stevens, 1991). Glass coverslips (28 mm) in 35 mm culture of control (n  4) indicating that at least 60% of the reduction from
dishes (Nunc) were coated with 0.15% agarose. Once the coverslips control is accounted for by this difference in charge transfer. In
were dry, we used an atomizer to spray the coverslips with a solution our experiments, synaptic stimulations in MK-801 (5–10 M) were
of poly-D-lysine (0.1875 mg/ml in 17 mM acetic acid; Sigma) and limited to 5–10 episodes because stimulation for longer periods
collagen (0.05 mg/ml; Collagen Corporation, Redwood City, CA). The often resulted in a reduced extent of recovery. This is consistent
hippocampi from P0-P1 mice (C57B/6) were removed, enzymatically with the idea of an accumulation of blocked receptors.
(papain; Collaborative Research) and mechanically dissociated, and Block by ketamine in our experiments was use dependent. When
plated on previously cultured glial feeder layers. Media was ex- ketamine (50M) and DL-AP5 (200M) were coapplied during EPSC
changed weekly. stimulation, the ratio of the current after ketamine/AP5 (ten stimuli)
to the current before was 1.2  0.02, n  3. Thus, ketamine action
in this case was independent of other blocking mechanisms (OrserWhole-Cell Recording and Solutions
Whole-cell voltage clamp recordings were performed on mouse et al., 1997). Unbinding of ketamine during the initial agonist applica-
tion segment at 70 mV (as in Figures 3C and 3D and Figure 4B)hippocampal neurons in culture for at least 6 days. All recordings
were done at room temperature. Neurons were perfused with extra- contributed little to the estimate of ketamine-blocked channels. Fol-
lowing complete block by ketamine, the recovery of the whole-cellcellular solution containing (in mM): 168 NaCl, 2.4 KCl, 10 HEPES,
10 D-glucose, 1.3–2.6 CaCl2, 0.02 glycine, and 0.01 bicuculline meth- current at 70 mV during an agonist application (measured as per
Figures 3C and 3D) was	5% of control amplitude (data not shown).iodide with no added magnesium (pH 7.4; 325 mmol/kg). AMPA
receptor antagonists were not regularly used unless specified. Re- All recordings were done on neurons between 6–9 days in culture.
Data are reported as mean  SE and were compared using pairedcording electrodes were pulled from borosilicate glass (TW150F-6;
World Precision Instruments) and had resistances between 1 and t tests, with significance set at p  0.05.
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